Calcite-fi lled extension veins and shear fractures are preserved in numerous travertine deposits along the western margin of the Albuquerque Basin of the Rio Grande rift. Calcite veins are banded and show geometries suggesting incremental cracking and calcite precipitation. U-series and 234 U model ages from calcite infi llings indicate that vein formation was active in the Quaternary, from ca. 2 Ma to ca. 250 ka. Vein orientations are systematic within each deposit and record a dominant extension direction that was horizontal and varied from E-W to NW-SE, consistent with both the regional fi nite extensional strain in the rift and with the global positioning system (GPS)-constrained deformation fi eld. Three sites contain three orthogonal vein sets that crosscut one another nonsystematically, suggesting alternating times of: (1) regional E-W horizontal extension (dominant), (2) alternating N-S and E-W vertical veins that suggest vertical σ 1 and σ 2 ≈ σ 3 , and (3) horizontal veins that are interpreted to refl ect times of highest pore fl uid pressures and subequal principal stresses. One site contains conjugate normal faults that also record the dominant E-W extensional tectonic stress. Quaternary extensional strain rates calculated from vein opening for three locations range from 3.2 ± 1.4 × 10 -16 s -1 to 3.2 × 10 −15 ± 2.7 × 10 -16 s -1
INTRODUCTION
The N-S-trending Rio Grande rift, extending from Colorado to Mexico, provides an exceptional natural laboratory for understanding early stages and processes of continental rifting. Rifting began ca. 37-36 Ma (Kelley and Chamberlin, 2012) , underwent maximum extensional activity in the Miocene based on ages of thickest Santa Fe Group rift fi ll (Chapin and Cather, 1994) and thermochronologic ages (Kelley et al., 1992) , and is still active. Here, we address the processes that localize strain accumulation by documenting changes in strain rate through time. We also explore how temporal and spatial variations in extensional strain accumulation contribute to the heterogeneity of strain accumulation evident in continental rifts.
A persistent challenge for rift studies has been to bridge time scales in order to link rift evolution to rift processes. At the geologic time scale (tens of millions of years) required to accumulate the total extensional strain, restored cross sections can be drawn from geologic and seismic data, and these suggest extension magnitude varied from 30%-33% in the southern Albuquerque Basin (Russell and Snelson, 1994; Ricketts et al., 2011) to 17%-25% in the northern Albuquerque Basin (Russell and Snelson, 1994; Roy et al., 1999) to 8%-12% in the San Luis Basin (Kluth and Schafenaar, 1994) . At the thousand(s) of year time scale, paleoseismic studies are sometimes available by trenching across Quaternary faults to constrain slip history and recurrence intervals. For example, in the Rio Grande rift, recurrence intervals of ~20-40 k.y. and slip rates of ~0.027-1 mm/yr have been estimated for the late Quaternary (McCalpin, 2005; McCalpin et al., 2011; Olig et al., 2011) . At the decade scale, data from continuous recording of global positioning system (GPS) have been successful at modeling the present-day strain directions and rates, which show the rift is currently extending at rates of ~0.12 mm/yr (Berglund et al., 2012) . This paper examines several questions regarding the history and processes of strain accumulation in the Rio Grande rift: (1) Is the Rio Grande rift still extending in the Quaternary? (2) If so, were the paleostrain and paleostress directions consistent with the generally E-W extension inferred at longer and shorter time-scale studies? (3) What were Quaternary strain rates? (4) What roles do fl uids play in the extensional process, and what are their sources (endogenic vs. epigenic or meteoric fl uids)? Here, we show that rift maturation is a highly dynamic process, both spatially and temporally. Further, the rifting process can be highly infl uenced by fl uid fl ux through fault systems, which can create elevated pore fl uid pressures, modify the local stress fi eld by reducing the effective normal stress, and hence facilitate fault slip and strain accumulation rates (e.g., Hubbert and Rubey, 1959; Malagnini et al., 2012) .
GEOLOGIC SETTING
The Rio Grande rift is a N-S-trending continental rift that separates the Colorado Plateau to the west from the Great Plains physiographic U model ages from calcite infi llings indicate that vein formation was active in the Quaternary, from ca. 2 Ma to ca. 250 ka. Vein orientations are systematic within each deposit and record a dominant extension direction that was horizontal and varied from E-W to NW-SE, consistent with both the regional fi nite extensional strain in the rift and with the global positioning system (GPS)-constrained deformation fi eld. Three sites contain three orthogonal vein sets that crosscut one another nonsystematically, suggesting alternating times of: (1) regional E-W horizontal extension (dominant), (2) alternating N-S and E-W vertical veins that suggest vertical σ 1 and σ 2 ≈ σ 3 , and (3) horizontal veins that are interpreted to refl ect times of highest pore fl uid pressures and subequal principal stresses. One site contains conjugate normal faults that also record the dominant E-W extensional tectonic stress. Quaternary extensional strain rates calculated from vein opening for three locations range from 3.2 ± 1.4 × 10 -16 s -1 to 3.2 × 10 −15 ± 2.7 × 10 -16 s -1
, which are up to ~40 times higher than the long-term (Oligocene-Holocene) fi nite strain rates calculated for different basins of the Rio Grande rift (8.5 × 10 -17 to 4.5 × 10 -16 s -1
), and up to ~100 times higher than modern strain rates measured by GPS data (3.9 × 10 −17 ± 6.3 × 10 -18 to 4.4 × 10 −17 ± 6.3 × 10 -18 s 4 www.gsapubs.org | Volume 6 | Number 1 | LITHOSPHERE province to the east. The rift is a narrow structure tens of kilometers wide and is composed of individual half grabens that alternate polarity from north to south. In northern New Mexico, the rift crosses the Jemez Lineament and continues south, where it widens south of Socorro, New Mexico, into a broad zone where strain is distributed among multiple adjacent graben and half-graben systems of the Basin and Range Province ( Fig. 1 ; e.g., Seager et al., 1984) . This transition between the narrow Rio Grande rift and the highly extended Basin and Range Province is also the location of the Socorro magma body, a thin midcrustal magma sheet, located 19 km deep, having horizontal dimensions of 50-70 km (Sanford et al., 1973; Reinhart and Sanford, 1981; Balch et al., 1997) . Associated with the Socorro magma body is the Socorro seismic anomaly. The Socorro seismic anomaly covers ~2% of the state of New Mexico, yet produces ~45% of its seismic events above magnitude 2.5 (Balch et al., 1997) . In addition, vertical uplift directly over the Socorro magma body has been persistent at ~2-5 mm/yr for over a century, with uplift diminishing to zero radially outward (Larsen and Reilinger, 1983; Larsen et al., 1986; Fialko and Simons, 2001) . These data suggest that the region is still magmatically and seismically active. Our study site is located along the western margin of the Albuquerque Basin of the Rio Grande rift in central New Mexico just north of the Socorro magma body and seismic anomaly ( Figs. 1 and 2 ). This is an important region for neotectonic studies because the rift fl ank here is characterized by a relatively narrow (<1 km) zone of several well-exposed faults that are bounded to the west by the Colorado Plateau and to the east by Santa Fe Group basin fi ll sediments; Pliocene basalts and Quaternary travertines straddle the rift fl ank here and provide age control on faulting history. Within this zone, E-W compression during the Laramide orogeny produced a set of N-S-trending folds and reverse faults, the most prominent of which is the Comanche fault, a west-dipping high-angle structure separating the Permian Madera Group from Pennsylvanian Abo and Yeso Formations (Fig. 2; Callender and Zilinski, 1976) . Most of these early-formed reverse faults, including the Comanche fault, were subsequently reactivated or overprinted during extensional deformation related to Neogene development of the Rio Grande rift (Lewis and Baldridge, 1994) . Today, the main rift-bounding normal fault in the study area is the ~55°E-dipping Santa Fe fault, which separates Santa Fe Group synrift deposits to the east from Paleozoic and Mesozoic strata of the Colorado Plateau to the west ( Fig. 2 ; May and Russell, 1994) . In some areas, the Santa Fe fault offsets Pliocene-early Pleistocene Santa Fe Group rift-fi ll deposits (Lozinsky and Tedford, 1991) . In contrast, a 3.7 ± 0.4 Ma basalt fl ow (Bachman and Mehnert, 1978) overlies fault strands of the Comanche fault zone and is not offset by these structures, indicating that Quaternary movement was concentrated along the Santa Fe fault zone (Fig. 2) .
Travertine mounds and active springs precipitating travertine are preserved along much of the western margin of the Albuquerque Basin. They straddle the rift-bounding faults and blanket much of the older strata and structure, especially in the southern parts of the study area. They are fanshaped deposits in map view with uphill apex (likely now-extinct spring vents) located along the Comanche fault, but without any observable offset related to growth of the Santa Fe or Comanche fault systems. The close association of these travertine deposits with rift-related structures, and the existence of nearby active travertine-depositing springs within arroyos along multiple fault strands suggest that these platforms were deposited from spring waters emanating from the Comanche-Santa Fe fault system (Fig. 2; Callender and Zilinski, 1976) . Springs that formed these deposits are no longer fl owing, and fan apexes are situated above the modern valley fl oor (Qa to the west of travertine deposits in Fig. 2 ) as a result of recent and ongoing denudation of the Albuquerque Basin, which accelerated between 1.2 and 0.7 Ma and was likely facilitated by climatic changes related to the onset of glaciations in the headwaters of the Rio Grande (Connell, 2004) . Additional topographically high erosion surfaces present within the study area are composed of probable Quaternary-aged sandstone and conglomerate beds containing locally derived clasts that are cemented with travertine, and as a result, also exist as terraces preserved above the modern valley fl oor.
The large-volume travertine deposits of this study are presently inactive (dry), but smaller-volume, actively precipitating travertine deposits are found nearby at low elevation along active springs within Arroyo www.gsapubs.org | Volume 6 | Number 1 | LITHOSPHERE Salado and Arroyo Comanche to the north (Fig. 2) . These springs are also aligned on the same faults and provide an analogy for the types of springs that deposit travertine. They have similar dams, coatings on vegetation, drapes, and travertine facies to those preserved in the older mound and platform deposits. The main difference in morphology between these and the extinct travertine fans is that they occur where faults intersect arroyo bottoms rather than closely spaced and strung out along a short fault segment. This likely refl ects the ongoing stream incision into the rift fl ank in the last 1-2 m.y. and relatively dry paleohydrology conditions (and hence low head) in the Holocene.
Recent work on similar travertine deposits and modern travertinedepositing carbonic springs in the southwest United States indicates that source fl uids are a mixture of both meteoric (epigenic) and deeply sourced (endogenic) fl uids (Crossey et al., 2006 (Crossey et al., , 2009 Williams et al., 2013) , and that the endogenic fl uids are conveyed to the surface along basement-penetrating faults (Crossey et al., 2006) . Endogenic fl uids that deposit travertine are typically slightly warm (~22-31 °C), are rich in dissolved CO 2 (pCO 2 values as great as 10 0.1 ), and contain mantle 3 He as part of the trace gases (Crossey et al., 2006) . In central New Mexico, the high CO 2 and accompanying trace gases in endogenic waters in active springs are interpreted to be a result of mantle degassing, and are brought to the near-surface through shallow microseismic events associated with the Socorro magma body and Socorro seismic anomaly (Newell et al., 2005; Williams et al., 2013) . Within the study area, 3 He values of Arroyo Salado waters indicate ~7.6% mantle-derived helium (Williams et al., 2013) , and gas abundances from fl uid inclusions in travertine at Scheherazade plot within the fi eld of crust-mantle input (Gundimeda, 1995) , and overlap with gas abundances measured in modern travertine-depositing springs with a known endogenic component ( Fig. 2 ; Newell et al., 2005) .
STUDY SITES
Some of the largest inactive travertine mounds that were previously discussed are currently being quarried by New Mexico Travertine, Inc., providing a spectacular display of the internal geometries at several locations (Fig. 3) . Three of these quarry sites (Temple Cream, Scheherazade, and Vista Grande), as well as two additional travertine-cemented terraces north of the quarry sites (Red Hill and Comanche), were chosen as study sites. All of these study sites are currently inactive in terms of travertine deposition. The location of these travertine deposits along rift-fl anking faults, and their datable record of progressive vein development offer an exceptional fi eld laboratory to test models for fault connections among deeply sourced CO 2 magmatic fl uids, fault conduits, carbonic springs, and large-volume travertine deposition (Crossey et al., 2009 (Crossey et al., , 2011 Williams et al., 2013; Priewisch et al., 2012) . They also offer an opportunity to estimate accumulated strains associated with Quaternary extension in the Rio Grande rift at this location.
At three quarry sites, Temple Cream, Scheherazade, and Vista Grande, abundant veins of different orientations cut the horizontal sedimentary layering of the travertine platforms. The majority of these veins range from ~1 mm to 10-20 cm in width perpendicular to the vein wall, and they are almost completely fi lled with sparry calcite, with little to no detrital material. Bedding layers along either side of the veins are offset perpendicular to the walls of the veins, with little shear offset, suggesting that most veins are purely extensional (e.g., Fossen, 2010) . Multiple generations of crosscutting extensional veins are preserved at these three sites (Figs. 3E and 3F) , each with a signifi cant accumulation of vein fi ll and well-developed calcite banding that records multiple deformation events. In thin section, extensional veins from the quarry sites display both syntaxial and antitaxial growth (Ramsay and Huber, 1983) . Syntaxial veins display a well-developed median line, and elongate calcite fi bers grow from the vein wall inward. In contrast, antitaxial vein growth is suggested by radiating calcite fi bers that grow from the center of the vein toward the vein wall (Fig. 4) . Both suggest incremental deformation and subsequent sealing of cracks by precipitation.
An important morphologically and lithologically different site is Red Hill, the fl anks of which are composed of reddish-purple-brown fi ne sandstones and siltstones of the Permian Yeso Formation. These Permian rocks are capped by ~2-3-m-thick travertine deposits that overlie older/elevated terrace gravels from the nearby arroyo that stand ~20 m above Arroyo Salado (Figs. 2 and 3 ). Abundant calcite-fi lled extensional veins ~1 mm to 10 cm in thickness cut both the Yeso Formation and the overlying travertine deposit, indicating their Quaternary age. Some small-offset (<1 m shear displacement) faults are observed within the Yeso Formation, but they do not offset the overlying travertine. These faults form conjugate pairs, as evidenced by oppositely dipping faults that crosscut one another. They display normal-sense displacement and preserve well-defi ned slickenside surfaces (Fig. 3D ). In addition to <1 m of shear offset, many of the faults observed also display a component of extension perpendicular to the walls of the fracture, as evidenced by ~1-4 cm of calcite that has precipitated along the slip surface. The fi nal location, Comanche platform, is a resistant cap consisting of well-cemented sandstone, pebble to cobble conglomerate containing clasts of local Paleozoic rocks, and travertine. Travertine deposits at this location are mostly in the form of infi llings that cement the siliciclastic material, but there are also abundant extensional veins, which are orthogonal to sedimentary bedding as defi ned by sandy beds. Veins range from ~2 cm to 20 cm in thickness and are fi lled predominantly with calcite, and little to no detrital material.
We used the travertine deposits at these fi ve locations, coupled with their associations with the Comanche and Santa Fe fault systems, to explore the signifi cance of fractures and veins in the travertine. Given that the 3.7 ± 0.4 Ma basalts in the study area locally overlie fault strands of the Comanche fault zone (Fig. 2; Callender and Zilinski, 1976) , and that the timing and amount of Quaternary slip are only poorly documented on the Santa Fe fault, the fractures and veins in travertine provide a record of previously undocumented and quantifi able young tectonism in the zone between the Santa Fe and Comanche faults along the western margin of the Albuquerque Basin of the Rio Grande rift.
METHODS
Systematic extensional vein orientation measurements and observations were made at fi ve locations. Sites were chosen (1) to cover a range of different locations along curvilinear faults to test possible stress rotations due to fault orientation, (2) to cover a range of slope aspects to test possible stress contributions from topographically driven gravitational stresses, and (3) to include sites dominated by extensional veins as well as conjugate faults to utilize different methods for estimating paleostress.
At Red Hill, slip magnitudes are generally less than ~1 m, so the movement direction was constrained by matching offset bedding layers. Poles to extensional veins from Temple Cream, Scheherazade, Vista Grande, Red Hill, and Comanche were plotted on lower-hemisphere, equal-area stereographic projections using Stereonet software. Similarly, faults at Red Hill were plotted as planes using FaultKin software (Marrett and Allmendinger, 1990; Allmendinger et al., 2012) . Statistical analysis of normal faults and extensional veins was computed by means of a Bingham axial distribution (Mardia, 1972) . The eigenvalues are a measure of the relative concentrations of measured veins and faults and indicate significant extensional directions. Thus, the eigenvalues can be used to quantify the extension directions that are most signifi cant given the population Quaternary extension in the Rio Grande rift at elevated strain rates | RESEARCH of extensional veins at each study site, and of normal faults at Red Hill. These directions can then be compared to the regional extension direction in the rift.
To evaluate the timing of fracturing and associated calcite precipitation within fractures, samples of fi ne-grained spar calcite within veins were collected from all three orthogonal extensional vein sets for dating using the uranium-thorium disequilibria method. Vein samples were collected from Temple Cream, Scheherazade, Vista Grande, and Red Hill, and material from the veins was drilled out and analyzed at the Radiogenic Isotope Laboratory at the University of New Mexico following methods described in Asmerom et al. (2010) . Samples were collected from the veins because of the observation that most veins contained very little or no detrital material, which reduces the possible contamination of external 230 Th. Extensional displacements from individual veins at each of the three quarry sites were measured with the ultimate goal of calculating strain rates. At each quarry, the extensional displacements of vertical veins were measured along a horizontal line in vertical quarry faces. The initial length along this line was then estimated by subtracting the extensional displacements of all veins from the fi nal length of the line. These values were used to calculate extension at the three quarry sites (Fig. 5) , and strains were combined with the available U-series and model ages from vein infi llings to calculate strain rates.
RESULTS

Extensional Veins and Faults
Here, we discuss the results of extensional veins and normal faults at each of the fi ve study sites and inferred constraints on principal stress directions. The orientations of extensional veins and normal faults at each location are summarized on lower-hemisphere, equal-area stereographic projections (Fig. 6) . Normal faults at Red Hill are plotted as planes, and each associated slickenline is plotted as an arrow that points in the movement direction of the hanging wall. Statistics computed from a Bingham axial distribution analysis from extensional veins are reported in Table 1 .
Temple Cream, Scheherazade, and Vista Grande Quarry Sites
Temple Cream quarry displays three orthogonal vein sets corresponding to three orthogonal extension directions. A linked Bingham analysis combining all extensional veins suggests a dominant extension direction that is essentially E-W and horizontal (plunges 00.5° toward 090.6°; λ = 0.6778; Table 1; Fig. 6 ). The quarry site Scheherazade, to the north of Temple Cream, contains three similarly oriented orthogonal vein sets. As seen in Figure 6 , these veins indicate a dominant nearhorizontal extension direction that plunges 01.4° toward 100.6° (λ = 0.6576). Vista Grande quarry site contains the highest vein density of any of the study locations (Fig. 3) , and it is similar to the previous two locations in that it is cut by orthogonal subvertical vein sets as well as a system of horizontal veins. Bingham analysis of these veins suggests that the dominant extension direction plunges 08.1° toward 135.9° (λ = 0.5291; Fig. 6 ). At each of the three quarry sites, orthogonal vein sets crosscut one another, allowing relative ages to be determined at a given vein intersection, but crosscutting is nonsystematic, such that all three orthogonal vein sets formed contemporaneously.
Red Hill
In contrast to the three previously discussed locations, extensional veins that cut Permian Yeso Formation and overlying travertine deposit at Red Hill are relatively consistent, displaying a dominant extension direction that plunges 01.4° toward 295.6° (λ = 0.8156). Red Hill is also unique because it is the only location of the fi ve dominated by small-offset normal faults rather than extensional veins. In all cases observed, normal faults are crosscut by extensional veins, indicating they formed fi rst. Even so, the system of conjugate normal faults indicates a dominant extension direction that plunges 05.4° toward 119.9° (λ = 0.3268; Fig. 6 ), i.e., essentially identical to that of extensional veins, suggesting the two formed in the same stress fi eld.
Comanche
The fi nal location, Comanche, is similar to Red Hill in that sedimentary deposits are only cut by one system of extensional veins. The calcitefi lled veins cut sedimentary beds of the Santa Fe Group that have been tilted away from horizontal (present orientation is ~020, 40°SE). This tilting is most likely due to continued movement along the Santa Fe fault, which folded the Santa Fe Group into a series of fault-parallel synclines and anticlines (Fig. 2) . In most cases, veins are oriented perpendicular and parallel to bedding, and on the eastern edge of the Comanche site, the bedding returns to horizontal, and veins are vertical and horizontal, suggesting that extensional fracturing and calcite precipitation at this location occurred prior to tilting of the beds. Thus, to estimate the dominant extension direction during formation of extensional veins, sedimentary beds were restored back to horizontal. Figure 6 shows the vein measurements before and after rotation back to their inferred primary orientation, and it indicates a primary extension direction that plunges 00.4° toward 296.4° (λ = 0.7662), similar to results obtained from Red Hill.
Uranium-Series Dating and Model Ages
U-series dating has an upper age limit of ~500,000-700,000 yr (depending on uranium content), where samples that are older than this return to a state of secular equilibrium with respect to the 238 U-230 Th radiogenic system and cannot be precisely or accurately dated with this method (Bourdon et al., 2003) . Nevertheless, their geochemistry can be used to place important, although less precise, constraints on when they formed. For samples that are outside of this age range, U-series model ages can be calculated for samples if the U, or younger than ~ca. 1.5 Ma).Therefore, samples that are not yet in secular equilibrium with respect to this system cannot be older than ca. 1.5 Ma (hence 0.5-1.5 Ma), while samples that are in secular equilibrium with respect to both systems are likely older than ca. 1.5 Ma.
In total, 14 samples of calcite in extension veins were collected from the study sites for U-series dating. Four samples yielded U-series ages that range from ca. 250 ka to ca. 700 ka, six samples were outside of the 234 U-
230
Th limit but not in secular equilibrium with respect to the 238 U-234 U system (indicating they are older than ~500,000 yr and younger than 1.5 Ma), and two samples were in secular equilibrium with respect to the 238 U-234 U system (i.e., older than ca. 1.5 Ma). Two samples (JR-BQ-1 and JR-BQ-3) had negative measured δ 234 U values, so ages are not presented for these samples (Table 2) . To further constrain the ages of the six samples that were not in secular equilibrium with respect to the 238 U-234 U system, U-series model ages were calculated for each of these samples. Model ages are less precise than U-series ages because the initial δ 234 U is unknown and must be estimated. To estimate initial δ 234 U values for samples that are outside of U-series range, we used the range of initial δ 234 U values obtained from the four successful analyses in this study, and we combined them with successful analyses from other travertine deposits in nearby areas at Mesa del Oro and Riley South Mesa (Priewisch et al., 2012) . Successful U-series analyses indicate that initial δ 234 U values range from 41 to 849 (Table 2) . We chose to disregard the 849 value due to age uncertainty, and instead used a preferred range of 41-525, or initial δ 234 U = 283 ± 242. Model ages were calculated using the equation Quaternary extension in the Rio Grande rift at elevated strain rates | RESEARCH Table 2 . Two samples were in secular equilibrium with respect to the 238 U-234 U system and hence are older than ca. 1.5 Ma. Our dating results from calculated model ages and successful U-series ages range from ca. 250 ka to 1.5 Ma, and two samples are older than 1.5 Ma. All are from calcite sampled from both vertical and horizontal veins in travertine. The important conclusion of the present dating is that fracture formation in travertine mounds was episodically active for over 1.5 m.y., and hence measured strains can be considered to be representative of long-term (several-million-year time scale) strain magnitudes, directions, and rates for most or all of the Quaternary (last 2.6 m.y.). www.gsapubs.org | Volume 6 | Number 1 | LITHOSPHERE
Strain Rates
The precipitation kinetics of calcite nucleation and growth control the time and fl uid required for a certain volume of calcite to grow in extensional veins (Morse and MacKenzie, 1993) . These two variables are often poorly constrained because the fl uids themselves are not preserved, but models that precipitate calcite in controlled laboratory environments predict that typical fl uid/calcite volume ratios for the formation of thin short veins are 10 5 -10 6 (Lee and Morse, 1999) . Their model also indicates that the time necessary to precipitate calcite in nature is highly variable, ranging from thousands to perhaps millions of years for meter-scale veins. In a natural example, high-precision U-series dating of an extensional vein system in Turkey suggested that a 29-mm-thick vein formed through multiple opening events and subsequent calcite precipitation over a time period of ~12 k.y. (~2.5 mm/k.y. average rate; Uysal et al., 2011) . A nearby study at Soda Dam, New Mexico, farther north along the western fl ank of the Rio Grande rift, shows that an ~15 cm calcite vein was developed over an ~100 k.y. time period (~0.15 mm/k.y. average rate; Tafoya, 2012) . If vein formation occurred on time scales comparable to these empirical results, our veins, which are typically <5 cm thick, likely developed on time scales of tens of thousands of years, rather than millions of years. Thus, an important assumption of this study is that long-term (millionyear time scale) strain rates can be calculated incorporating measurements of multiple extensional veins across a site that each record 10-100 k.y. of strain accumulation.
Strain rates at each quarry site were calculated parallel to the dominant extension directions illustrated in Figure 6 . Strain calculations were made at the three quarry sites by comparing the extensional displacement of all fractures with the total length measured (Fig. 5) . We used the parameter longitudinal extension (e), where e = (fi nal length -original length)/original length. Although it is diffi cult to constrain exactly when extensional fractures began to form, several authors have suggested that the travertine platforms found along the western edge of the Albuquerque Basin are Pleistocene and younger (Kelley, 1977) and that the waters moving through these fault zones have been active for the last ~2 m.y. (Callender and Zilinski, 1976) . The U-series and model ages in this study are consistent with this, where the majority of extensional fractures are younger than ca. 1.5 Ma (Table 2) . Therefore, to convert these extensional strain calculations to strain rates, we used a strain accumulation time of 2 m.y. to estimate maximum duration for the observed fi nite extensions of all veins at the quarry sites and hence to produce estimates of Quaternary strain rates (Table 3) . To compare our calculations to published data in the Rio Grande rift, all values of published extension in the literature were converted into cumulative strain rates (in units of s -1 ) for different basins. These rates are listed in Table 4 , along with the strain rates calculated in this study and current strain rates calculated across the rift and other regions using GPS.
The strain rates calculated in this study vary from 3.2 ± 1.4 × 10 -16 s -1
at Temple Cream to 6.9 ± 3.1 × 10 -16 s -1 at Scheherazade to 3.2 × 10 -15 ± 2.7 × 10 -16 s -1 at Vista Grande. The 10 -16 s -1 strain rates at Temple Cream and Scheherazade are comparable to the long-term strain rates reported for the central Rio Grande rift that were estimated by restored cross sections (Table 4) , but the 10 -15 s -1 calculated strain rates at Vista Grande are an order of magnitude faster. The strain rates from the quarry sites are also signifi cantly faster than the current strain rates for the Rio Grande rift of 10 -17 s -1 measured by GPS. The Basin and Range Province, which interfi ngers with the Rio Grande rift south of the study region, has reported current strain rates of 10 -16 to 10 -15 s -1 that are comparable to the Quaternary rates calculated in this study (Bennett et al., 2003) . Quaternary strain rates calculated in the Rio Grande rift were also compared to the GPSmeasured rates in the East African Rift. Although the driving mechanisms of extension may differ between the Rio Grande and East African Rifts, a simple comparison of strain rates is presented because these two locations are among the most well-studied and defi nitive examples of continental rifts worldwide. Measured GPS-constrained strain rates in the East African Rift vary by several orders of magnitude. At the slow end, 10 -17 s -1 rates are comparable to the current rates measured in the Rio Grande rift (Berglund et al., 2012) , and they are slower than calculated rates in this study. The fastest extensional strain rates were measured within the central Main Ethiopian Rift, where rates are as high as 4.9 × 10 -14 s -1 (Kogan et al., 2012) . The Afar triple junction (6.3 × 10 -17 to 6.0 × 10 -15 s -1
) and the southern Main Ethiopian Rift (9.5 × 10 -17 to 7.3 × 10 -15 s -1
) have fastest strain rates, which are comparable to the 10 -15 s -1 rates calculated at quarry site Vista Grande.
DISCUSSION
This section discusses several important implications of our calcite vein and strain rate data, beginning with the possible causes of stress that could result in the observed extensional vein and fault orientations. Next, we discuss the role of high fl uid pressures on the fracture process and ).
calculated strain rates, and fi nally we include a discussion of the possible sources of fl uid available for travertine deposition. Figure 7 is a summary diagram that helps bring these concepts together.
Origin and Nature of Stresses
Stress fi elds in tectonically active regions deviate from lithostatic conditions where stresses are equal in all directions and refl ect an instantaneous resolution of combined gravitational and tectonic driving forces. Fluids that precipitated calcite within veins were most likely coupled with near-surface hydrologic processes and could, for example, have fi lled cracks formed from gravitationally induced near-surface downslope movement. If downslope movement was important, vein arrays would be expected to fan around sloping mound deposits and otherwise be perpendicular to topographic slopes. Instead, the uniformity of vein orientations at study sites with different slope aspects suggests that topography did not control vein orientation.
Rather than surface gravitational stresses controlling the orientations of extensional veins, extension directions are parallel to the regional E-W fi nite extension direction and GPS-recorded velocity vectors, suggesting that veins are most likely products of a local tectonic stress fi eld. This is supported by the compiled "young" stress indicators from the World Stress Map (Heidbach et al., 2008) that indicate E-W-to NW-SE-directed extension in the rift throughout much of New Mexico (Fig. 1) , including the alignment of Quaternary cinder cones at two separate locations in the central Albuquerque Basin near the study site (Kelley and Kudo, 1978; Aldrich and Laughlin, 1984) . The parallelism of extension directions indicated by extensional veins and conjugate normal faults at Red Hill also supports the interpretation of a tectonic origin for the stresses. The broad sweep of extension orientations from E-W to NW-SE follows the orientation of rift-bounding structures, arguing that fault anisotropy may have resulted in small-scale stress reorientations (e.g., Faulkner et al., 2006) .
We therefore consider the veins and normal faults at these study sites as records of tectonic strain accumulation at the 1-2 m.y. time scale.
Effect of Elevated Fluid Pressure
The travertines at each of the fi ve study sites record a large fl ux of fl uids through the upper crust at the time the fractures developed. Almost all fractures are completely fi lled with calcite, with very little detrital material, suggesting migration of CO 2 -rich fl uids that healed the fracture. Elevated fl uid pressures alter the regional stress fi eld by reducing the normal stress (Hubbert and Rubey, 1959) , which amplifi es the development of fractures that are favorably oriented with respect to the regional stress fi eld. In the low-differential stress environment at each of the study sites, these high fl uid pressures resulted primarily in the development of extensional veins. Thus, the anomalously high strain rates calculated at these sites, which are one to two orders of magnitude larger than the present-day strain rates, may have been facilitated by high fl uid pressures at these locations in the rift during the Quaternary.
Although study sites Red Hill and Comanche only contain veins that suggest NW-SE-directed horizontal extension, quarry sites Temple Cream, Scheherazade, and Vista Grande contain three orthogonal vein patterns. Veins repeatedly offset one another to produce a mesh-like grid, indicating that all three vein sets formed contemporaneously (Fig. 3) . At each location, however, the highest fracture density is approximately E-W to NW-SE (Fig. 6) , parallel to the regional extension direction in the rift. To explain the orthogonal vein sets at the three quarry sites, we invoke a model where, during certain time periods, high pore fl uid pressures create near-axial stress conditions with σ 1 vertical and σ 2 ≈ σ 3 . Under these conditions of very localized high pore fl uid pressure, as extensional fractures develop perpendicular to σ 3 , stress is relieved in the σ 3 direction, and σ 2 and σ 3 become subequal. During these times, extensional fractures can develop perpendicular to σ 2 and σ 3 (Caputo, 1995) . Although these two www.gsapubs.org | Volume 6 | Number 1 | LITHOSPHERE steeply dipping extensional vein sets crosscut bedding, the layered heterogeneity in the travertine deposit also most likely controlled vein orientation, as evidenced by the horizontal vein sets that are parallel to bedding. In this model, subequal principal stresses due to elevated pore fl uid pressures combined with heterogeneities in the travertine deposit produced the interweaving pattern of veins most elegantly displayed at Vista Grande (Fig. 3 ).
Possible Sources of Fluid for Travertine Deposition
Spring discharge, and hence accumulation of travertine, at each of the fi ve study sites has been shown using U-series dating to be episodic at 100 k.y. time scales in several locations in the southwestern United States: at Soda Dam, New Mexico (Tafoya, 2012) ; San Ysidro, New Mexico (Cron, 2011) ; La Madera, New Mexico (Crossey et al., 2011) ; Springerville, Arizona (Embid, 2009 ); Grand Canyon, Arizona (Szabo, 1990) ; and the Salt Wash graben, Utah (Kampman et al., 2012) . This episodicity likely refl ects both paleoclimate and paleotectonic infl uences, as deposition of travertine requires both ample spring discharge and CO 2 saturation. Well-recognized wet-dry periods in the U.S. Southwest (e.g., Polyak and Asmerom, 2001 ) likely caused fl uctuations in head at spring discharge points, with higher heads resulting in larger-volume travertine deposition. Fracture age constraints provided in this study are not of high enough resolution to resolve this episodicity, but instead integrate vein growth over the 1-2 m.y. time scale and thereby average out the paleoclimate and paleotectonic oscillations.
As discussed previously, geochemical tracers of spring waters in the Albuquerque Basin of the Rio Grande rift indicate a mix between endogenic fl uids and volumetrically dominant meteoric and river water (Newell et al., 2005; Williams et al., 2013) . Along the western margin of the Albuquerque Basin, meteoric groundwater fl ows east into the basin from the Paleozoic and Mesozoic rocks within the Colorado Plateau and mixes with local arroyo discharge. Active springs within the study area contribute up to 16% of the total water in this region (Plummer et al., 2004) and contain 3 He values that indicate ~7.6% mantle-derived helium ( Fig. 2 ; Williams et al., 2013) , while the He abundances measured in fl uid inclusions from travertine at Scheherazade suggest these deposits were precipitated from geochemically similar fl uids to the modern springs (Fig.  2) . Faults within the study region, such as the Comanche fault, penetrate into the Precambrian basement rocks (Callender and Zilinski, 1976) and can potentially act as fl uid pathways to the surface. Thus, these data sets suggest that in this region, the fl uids available for travertine precipitation are a mixture of predominantly epigenic waters that have been mixed with volumetrically minor endogenic fl uids.
The close spatial association between the study site and the underlying Socorro magma body suggests a possible connection among magmatism, fl uid migration through the upper crust, travertine precipitation, and continued rift development. Although the Socorro magma body is thought to only be several hundred years old based on cooling models of a basaltic melt of its size (Fialko and Simons, 2001; Turcotte and Schubert, 2002) , observed heat-fl ow data at the surface suggest that the modern Socorro magma body is only the most recent expression of a longer-lived magmatic system in this area (Reiter et al., 2010) . Reiter et al.'s calculations indicate intrarift magmatism in this region for at least the past 1 m.y., and possibly longer, which overlaps with the timing of extensional veins in these travertine deposits. The longevity of magma emplacement within the crust beneath the study region suggests that the seismic activity recorded today may also have been active throughout the Quaternary.
We prefer a model where epigenic fl uids near the surface mix with volumetrically minor endogenic fl uids that are derived from magma melts in the middle crust beneath the study area (Fig. 7) . At depth, warm endogenic fl uids may be aseismically transported to the surface along basement-penetrating faults, either by thermally or chemically driven buoyancy, where thermal buoyancy is governed by the geothermal gradient and chemical buoyancy is driven by differences in salinity (e.g., Schoofs et al., 1999) . Alternatively, endogenic fl uids may be transported to the surface by "fault valve" processes (e.g., Sibson, 1992) , in which case the fl uid pressures at depth fl uctuate due to seismic cycles. Syntaxial growth of calcite fi bers, well-developed median lines, and multiple generations of calcite fi ber growth suggest that veins formed and developed episodically and widened incrementally through individual cracking events. The presence of the nearby Socorro seismic anomaly permits the possibility that fl uid movement at depth may be controlled by seismic as well as aseismic processes, and that the veins and fractures in travertine deposits may record an important surface-to-mantle connection that facilitates the continued development of the Rio Grande rift.
CONCLUSIONS
Calcite-fi lled extension veins in travertine deposits at fi ve study sites along the western margin of the Albuquerque Basin are inferred to record local Quaternary extension in the Rio Grande rift. U-series ages and model ages of calcite within veins range from ca. 250 ka to older than 1.5 Ma. The veins are dominantly extensional and were formed through multiple cracking events and calcite precipitation. Veins at each site indicate E-W-to NW-SE-oriented extension, which is consistent with the regional extension in the Rio Grande rift, although minor stress reorientations may be due to local stress perturbations within the Comanche-Santa Fe fault system. Three of the fi ve study sites were subjected to high enough pore fl uid pressures and were shallow enough to create near-axial stress conditions, which resulted in the development of three orthogonal vein sets during times of subequal stress magnitudes. Strain rates observed at the quarry sites range from 3.2 ± 1.4 × 10 -16 s -1 to 3.2 × 10 -15 ± 2.7 × 10 -16 s -1 ; these are higher than both the current observed rates in the rift, as well as the long-term strain rates calculated for different basins of the Rio Grande rift. Thus, although anomalously high strain rates are variable over very short spatial scales, they can persist for millions of years, and these rates instead are comparable to current strain rates within the Basin and Range Province and East African Rift. Fluids that precipitated travertine are a mixture of meteoric water and volumetrically minor endogenic fl uids that ascend to the surface along basement-penetrating faults through aseismic processes and possibly seismic events.
These data and this model have important implications for understanding early stages of continental rifting. (1) Not only is the Rio Grande rift still extending based on GPS studies, but this study shows anomalously high, fl uid-assisted strain rates in the Quaternary, suggesting that rift maturation is a highly dynamic process, both spatially and temporally. (2) The observed consistency of E-W extension for paleostrain and paleostress directions across different time scales (30 Ma to Holocene) points toward persistent tectonic forcings, although strain rates may be highly infl uenced by fl uid fl ux through fault systems at local scales.
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